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Calciuric response to an acute acid load in healthy subjects and
hypercalciuric calcium stone formers. Excessive animal protein consump-
tion is associated with a greater risk of occurrence of renal calcium stone,
presumably because of the attendant endogenous acid production. Indeed,
chronic acid load enhances urinary calcium excretion possibly through an
increased bone calcium release. Because acute studies are best designed to
elucidate the mechanism, renal or extra renal, underlying hypercalciuria in
the setting of enhanced acid load, we examined the response of 9 healthy
adults (8 males, 1 female, aged 38 3 years, weight 67 2 kg) and 34
hypercalciuric recurrent calcium stone formers (31 males, 3 females, aged
44 2 years, weight 72 2kg), without any associated disease, to an oral
acid load (NH4C1 2 mmol/kg body wt). After an overnight fast, each
patient and control was studied during one one-hour period before and
three two-hour periods after their intake of the acid load. An additional
group of four time-control subjects (4 males, aged 33 2 years, weight
66 2 kg) was studied as the experimental groups except that they did not
receive the acid load. On baseline, the three groups exhibited similar
glomerular filtration rates, net acid excretions, and plasma calcium and
magnesium concentrations. However, fasting urine calcium and magne-
sium excretions were higher in hypercalciuric calcium stone formers than
in healthy control or time-control subjects. In time-control subjects,
plasma acid base status, net acid excretion, filtered loads of calcium and
magnesium, and urinary calcium and magnesium excretions remained
unchanged all over the study. By contrast, after the oral acute acid load,
net acid excretion increased and urinary pH decreased similarly in patient
and control groups; glomerular filtration rate did not change, as well as
plasma calcium and magnesium concentrations. Nevertheless, urinary
calcium and magnesium excretions markedly increased, in both groups,
independently of changes in tubular sodium handling and in plasma
parathyroid hormone concentration. The increase in urinary calcium and
magnesium excretions that occurred in the absence of any change in the
filtered load of calcium and magnesium was therefore mediated by a
decrease in tubular calcium and magnesium reabsorption, independent of
PTH, but dependent on changes in net acid excretion. A positive linear
relationship between urinary calcium and magnesium excretions suggested
that the target tubular Site for acid load was the thick ascending limb of
Henle's loop. Finally, a negative linear relationship was demonstrated
between the acid load-induced increase in urinary calcium excretion and
fasting urinary calcium excretion; indeed, the lowest calciuric responses
were observed in patients with the highest fasting urinary calcium excre-
tion. Thus there was no additional effect of the acid load-induced
inhibition on intrinsic defect in tubular calcium reabsorption which
suggests that the tubular target site for acid load and the site of calcium
transport defect in idiopathic hypercalciuria may be the same.
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Hypercalciuria is widely recognized as a major risk factor for
calcium nephrolithiasis [1, 2]. Indeed, epidemiological surveys
have clearly shown that the risk of developing renal calcium stones
increases when urinary calcium excretion is enhanced, Increasing
rates of urinary calcium excretion raises average urinary Ca
concentration and thus the tendency for Ca salt crystallization and
crystal growth. Finally, some authors have demonstrated that a
decrease in stone occurrence paralleled a reduction in calcium
excretion.
Mechanisms of hypercalciuria include an increase in the filtered
load of calcium and/or a decrease in the tubular reabsorption of
calcium. An increase in the filtered load of calcium may result
from a rise in plasma ultrafilterable calcium, that is a primary rise
in intestinal calcium absorption and/or bone resorption. Con-
versely, a primary decrease in tubular calcium reabsorption will
tend to induce a negative calcium balance and, in turn, will
stimulate digestive calcium absorption and/or bone resorption,
thereby maintaining the high renal calcium excretion. An increase
in intestinal calcium absorption has been largely considered as the
primary event in idiopathic hypercalciuria, supported by a rise in
calcitriol synthesis and/or an exacerbated effect of calcitriol on
target organs [reviewed in 31.
However, results from previous works in this area were in favor
of a primary renal abnormality in idiopathic hypercalciuria.
Indeed, patients with idiopathic hypercalciuria have a higher
fasting calcium excretion than controls, together with a similar
filtered load of calcium, suggesting a primary decrease in tubular
calcium reabsorption [4—7].
In addition, epidemiological surveys conducted in industrialized
countries have established a relationship between calcium stone
disease and animal protein consumption [8—111. Indeed, urinary
calcium excretion increases when animal protein intake is raised
in normal subjects [12]. It has been suggested that the protein-
dependent acid load might be the cause for hypercalciuria.
Lemann et al have shown that, in normal subjects ingesting a high
protein diet, a close relationship exists between renal acid and
calcium excretions [13]. The excess of calcium in urine in this
setting has been ascribed to an increase in bone resorption.
However, the lack of rise of the filtered load of calcium under
these conditions is a strong argument in favor of an associated
decrease in tubular calcium reabsorption [13—15]. Other epidemi-
ological studies have shown that, for an identical protein intake,
the link between urinary urea and calcium excretions is steeper in
987
988 Houillier et al: Calcium excretion and acute acid load
Table 1. Demographic data
Age
years
Sex
ratio
M/F
Weight
kg
Stone
formation rate
new stone/year
Stone farmers (N = 34) 44 2 31/3 72 2 1.1 0.2
Controls (N = 9) 38 3 8/1 67 2 —
Time-controls (N = 4) 33 2 4/0 66 2 —
P value
SFvs. C NS NS NS
SF vs. TC NS NS NS
Cvs.TC NS NS NS
Abbreviations are: (SF) stone farmers; (C) controls; (TC) time controls.
calcium stone formers than in control subjects [16], which suggests
that patients are more sensitive to the calciuric action of proteins.
However, a hypersensitivity to acidosis in calcium stone formers,
suggested on the basis of epidemiological studies, has never been
directly investigated.
In addition, only few data about the acute effect of acid load on
calcium handling are available and are conflicting. Stacy and
Wilson [17] have shown in sheep that an acute acid load decreases
tubular calcium reabsorption whereas Coe et al, in humans, and
Sutton et al, in dogs, did not find any effect on overall renal
calcium handling [18, 19]. These discrepancies are of importance
because acute studies are best designed to elucidate the primary
mechanism, renal or extra renal, underlying hypercalciuria in the
setting of enhanced acid load.
We have, therefore, undertaken the study of the effects of an
acute acid load on the renal handling of calcium in normal
subjects and recurrent calcium stone formers. Our aim was first, to
test in humans whether or not an acute acid load specifically
increases urinary calcium excretion and, if so, whether or not a fall
in tubular calcium reclamation is involved, and, secondly, to
determine the sensitivity of hypercalciuric calcium stone farmers
to an acute acidification as compared with normal subjects. This
study demonstrates that an acute acid load directly induces a
marked increase in calcium excretion, in both groups, without
altering the filtered load of calcium, presumably through a
decrease in calcium reabsorption in the thick ascending limb of
Henle's loop. An overall abnormal sensitivity to acid loading in
patients with calcium nephrolithiasis was not apparent in this
study.
Methods
Patients
Thirty-four adult patients (31 male, 3 female) aged 44 2 years
(range 20 to 65) were studied. All had an active calcium stone
disease (Table 1) and hypercalciuria (> 0.1 mmol/kglday) while
on a free diet. Secondary hypercalciuria (primary hyperparathy-
roidism, neoplasia, hypercorticism or corticosteroid consumption,
hyperthyroidism, sarcoidosis or other granulomatosis, vitamin D
intoxication, metabolic acidosis) as well as urinary tract abnormal-
ity were excluded in all patients. None had impaired renal
function nor nephrocalcinosis, but most patients had a nonobstuc-
tive stone(s) present at the time of the study. No patient had
experienced lumbar pain within one month before the study nor
had undergone lithotripty or surgery within the preceding three
months. All treatment had been withdrawn at least one month
before the study. All patients gave informed consent to participate
the study.
Controls
Nine control subjects (8 male, 1 female) aged 38 three years
(range 30 to 52) were studied. None had a personal or familial
history of calcium stone disease, nor hypercalciuria, nor any other
known disorder.
Time-control subjects
Four male time-control subjects, aged 33 2 years (range 29 to
36) were studied. As controls, none had a personal or familial
history of calcium stone disease, nor hypercalciuria, nor any other
known disorder. These subjects did not receive the acid load (see
below) but were otherwise handled in the same manner as
hypercalciuric patients and controls.
Methods
The day before the experiment, 24-hour urine was collected in
controls and patients while on a semicontrolled calcium-restricted
diet, that is, they were told to exclude milk and dairy products
from the diet, and to avoid adding salt on aliments and eating
animal proteins more than once a day. At 10 p.m. on the day
before the study, they ingested orally 500 mg of lithium carbonate.
At 8 a.m. on the morning of the study, a priming dose of inulin, 20
mg/kg body wt (mutest, Laevosan GmbH, Linz, Austria) was
injected intravenously and then infused at a constant rate (2
mI/mm) throughout the study (10 mg/mm in 5% dextrose).
Patients remained recumbent, but were allowed to stand to void.
At 9 a.m., urine was collected and discarded. Four urine collection
periods were then performed. The first period (9 a.m. to 10 am.)
was designed as the control period. Afterwards, the subjects
ingested the acid load (NH4CI 2 mmol/kg body wt) together with
a light breakfast devoid of NaCI, and protein (a cup of coffee or
tea, and 2 rusks). Time-control subjects did not ingest the oral
acid load but had the same beakfast. The three following urine
collection periods lasted two hours each.
In each timed urine sample, were measured pH, pCO2, and
concentrations of inulin, calcium, phosphorus, ammonium, titrat-
able acid, uric acid, lithium, sodium, magnesium, citrate and cyclic
AMP. At the midpoint of each collection period, venous blood
was drawn through an indwelling catheter without a tourniquet
for measurement of pH, pCO2 and plasma concentrations of
inulin, total calcium, ultrafilterable calcium, ionized calcium,
phosphorus, magnesium, uric acid, lithium, sodium, intact para-
thyroid hormone (PTH), and cyclic AMP. In addition, on base-
line, plasma concentrations of 25 (OH) vitamin D and 1,25 (OH)2
vitamin D were measured. For each determination of ionized and
ultrafilterable calcium, 5 ml of blood was collected in vacutainer
tubes without heparin, filled to capacity, and centrifuged to
separate blood cells.
Plasma and urine concentration of inulin were measured ac-
cording to the method of Schreiner [20]. pH and pCO2 in plasma
and urine were measured using a automated pH and gas analyzer
(ABL 330; Radiometer, Copenhagen, Denmark). Urine concen-
trations of ammonium and titratable acid were measured by
titration [21, 22]. Serum ultrafilterable calcium was obtained with
a micropartition system (Amicon, MPS 1) [23]. Serum for ultra-
filterable calcium was drawn anaerobically into a tuberculin
syringe, immediately transferred into the micropartition system,
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Table 2. Twenty-four-hour urinary excretions on calcium-restricted diet
UNV UuV UMgV UcrV
UrV/kg body
wt mmol/d/kgmmol/day
Stone formers (N = 34) 193 10 435 21 7.19 0.41 4.06 0.19 15.1 0.6 0.21 0.01
Controls (N = 9) 154 16 412 31 3.60 0.52 3.78 0.33 14.4 0.9 0.22 0.01
Time-controls (N = 4) 128 17 376 13 3.28 0.16 3.14 0.07 14.7 0.6 0.22 0.01
P value
SF vs. C NS NS <0.001 NS NS NS
SF vs. TC NS NS <0.01 NS NS NS
Cvs.TC NS NS NS NS NS NS
Abbreviations are: SF, Stone formers; C, controls; TC, time controls.
and centrifuged under mineral oil to prevent changes in pH and
pCO2. Serum total and ultrafilterable calcium, and urine calcium
concentrations were measured by titration with EGTA (Calcette,
Precision Instruments). Ionized calcium was determined using a
calcium ion-selective electrode (ICA 2; Radiometer). Serum for
ionized calcium was drawn anaerobically into a tuberculin syringe
and used immediately for measurement. Plasma and urine con-
centrations of phosphorus and magnesium were measured by
colorimetry, sodium and potassium by specific electrodes (Beck-
man E2A), lithium by atomic absorption spectroscopy, uric acid
and citrate by enzymatic methods; plasma PTH concentration was
measured by radioimmunometric method (Allegro PTH, Nichols
Institute), urine and plasma cyclic AMP by radioimmunology
(modification of the method of Gilman) [24, 251, plasma 25 (OH)
vitamin D by the method of Preece et al [26] and 1,25 (OH)2
vitamin D by radioreceptor assay [27, 28].
Calculations
Glomerular filtration rate was calculated according to the usual
formula:
InuimGFR =____
Pinutin
Plasma and urine bicarbonate concentration were calculated
using the Henderson-Hasselbaich equation, with an a coefficient
equal to 0.03:
total CO2
-
pH = 6.1 + log ,and HCO3 = total CO2 — aPCO2
aPCO2
The filtered load of calcium was the product of GFR and plasma
ultrafilterable calcium concentration. Net acid excretion (NAE)
was calculated as the sum of ammonium and titratable acid minus
bicarbonate excretions. The renal phosphate threshold (TmPi/
GFR) was calculated using the nomogram by Bijvoët, Morgan and
Fourman [29].
Statistics
Results are mean SEM. Statistical analysis has been per-
formed by simple or multiple regression analysis, one way or two
way analysis of variance, completed by t-test and Bonferonni
method for multiple comparisons. A P value < 0.05 was consid-
ered as significant.
Results
Baseline data
Demographic data are shown in Table 1. Twenty-four-hour
urine excretions are shown in Table 2. Daily creatinine excretion
rates were similar in the 3 groups and collections were complete,
as indicated by the values of creatinine excretion rates factored by
body wts (Table 2) [30]. After 24 hours on a calcium-restricted
diet, patients, controls, and time-controls had similar urinary
24-hour sodium and urea excretions indicating comparable in-
takes in sodium and proteins. However 24-hour urinary calcium
excretions were quite different (7.2 0.4, 3.6 0.5, and 3.28
0.2 mmol/24 hr in patients, controls, and time controls, respec-
tively). A significant relationship between daily urinary calcium
and urea excretions was observed in patients (UCaV = 0.010 x
UureaV + 2.810, r = 0.52, N = 34) and in normal (control and
time-control) subjects (UCaV =0.013 x UureaV — 1.507, N = 13).
The two slopes were identical, but the intercepts significantly
differed (P < 0.05), indicating that for any protein supply patients
had a higher calcium excretion than controls. A significant
relationship between daily urinary calcium and sodium was ob-
served in patients (UCaV = 0.0265 X UV + 2.206, r = 0.66, N =
34), but not in normal subjects.
Baseline urinary calcium excretion was significantly higher in
patients (3.26 0.25 xmol/min) than in controls (2.26 0.34, P <
0.025), and time-controls (2.30 0.16, P < 0.025) despite
identical filtered loads of calcium (130.04 4.64, 128.20 6.91,
and 134.21 4.61 jxmol/min, in patients, controls, and time-
controls, respectively). A similar observation was done with
respect to fasting urinary magnesium excretion which was signif-
icantly higher in patients than in controls (2.06 0.18 vs. 1.55
0.13 jxmol/min, P < 0.05) whereas magnesium filtered loads were
identical (82.7 2.4 vs. 87,1 4.5 xmol/min in patients and
controls, respectively). In time-controls, fasting filtered load of
magnesium (84.8 2.3 jxmol/min) and urinary magnesium excre-
tion (1.57 0.19 rmol/min) were identical to those observed in
controls, but there was no significant difference in magnesium
excretion between time-controls and patients. Plasma phosphate
concentrations were normal in all groups but slightly lower in
patients (0.87 0.02) than in controls (0.94 0.03 mmol/liter,
P < 0.05) or in time controls (0.90 0.03 mmol/liter) in
accordance with a decreased renal phosphate threshold (0.78
0.02 mmol/liter) as compared with controls (0.92 0.09 mmol/
liter, P < 0.02) and time-controls (0.90 0.05 mmol/Iiter, P <
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Fig. 1. A. Changes in plasma pH in control subjects (0) and hypercalciuncA Stone formers (•) induced by an acute oral acid load (NH4C1 2 mmol/kg
7.42 Acid load body wt), and in time-control subjects (U). Baseline values were not
$
different between groups. The decrease in plasma pH was significant by
the first period following the acid load in the stone formers group, and by
the second period in the control group. No difference between these two
7.38 groups was detectable during the study. By contrast, no change in plasma
pH occurred in time-control subjects. Symbols are as follows: a, P < 0.05
versus time-control group, same period; b, P < 0.001 vcrsus time-control
.2 group, same period; c, P < 0.05 versus baseline period, same group; d, P <
0.01 versus baseline period, same group; e, P < 0.001 versus baseline
period, same group. B. Changes in plasma bicarbonate concentration in
control subjects (0) and hypercalciuric stone formers (A) induced by an
7 30 acute oral acid load (NH4CI 2 mmol/kg body wt), and in time-control
subjects (U). Baseline values were not different between groups. The
B 29 decrease in plasma bicarbonate concentration was significant by the firstperiod following the acid load in the first two groups. No difference
between these two groups was detectable during the study. By contrast, no
change in plasma bicarbonate concentration occurred in time-control
subjects. Symbols are as follows: a, P < 0.05 versus time-control group,
2 .2 27 same period; b, P < 0.01 versus time-control group, same period; c, P <
0.05 versus baseline period, same group; d, P < 0.001 versus baseline
. period, same group. C. Changes in urinary pH in control subjects (0) and
hypercalciuric stone formers (A) induced by an acute oral acid load, and
E in time-control subjects (U). Baseline values were not different betweeno 25 groups. Urinary pH decreased by the same extent in the first two groups,
the change being significant by the first period after acid loading. By
contrast, no change in urinary pH occurred in time-control subjects.
Symbols are as follows: a, P < 0.001 versus time-control group, same
23 period; b, P < 0.05 versus baseline value, same group; c, P < 0.001 versus
b d baseline value, same group. D. Changes in net acid excretion in control
C 7 50 subjects (0) and hypercalciuric stone formers (A) induced by an acute oralacid load, and in time-control subjects (U). Baseline values were not
different between groups. Net acid excretion showed a same and striking
increase after the acid load in the first two groups. By contrast, no change
7.00 in net acid excretion occured in time-control subjects. Symbols are as
follows: a, P < 0.05 versus time-control group, same period; b, P < 0.01
versus time-control group, same period; c, P < 0.001 versus time-control
group, same period; d, P < 0.001 versus baseline value, same group.6.50 ________________________________________________
.5 0
6.00 0.05). Baseline plasma pH (7.36 0.01, 7.37 0.01, and 7.37
0.01 mmol/liter in patients, controls, and time-controls, respec-
tively), plasma bicarbonate concentrations (27.0 0.3, 27.9 0.8,5.50 and 27.0 0.8 mmol/Iiter in patients, controls, and time-controls,
respectively), urinary pH (6.90 0.07, 6.98 0.27, and 6.62
a,c 0.20 in patients, controls, and time-controls, respectively)
5.00 and net acid excretion (9.3 5.0, 7.4 5.5, and 0.0 6.7
D 80 jxmol/min in patients, controls, and time-controls, respectively)c,d were identical in patients, control subjects, and time-controls (Fig.
1). There was no difference in all other variables measured, except
60 that plasma 1,25 (OH)2 vitamin D concentrations were slightly
higher in patients (92 3 pmol/liter) than in controls (80 6
pmol/liter, P < 0,05) or in time-controls (69 3 pmol/liter, P <
. 40 0.01).
Changes after the oral acid load
20 Following the oral acid load, a similar decrease in plasma pH
and bicarbonate concentration occurred in patients and controls
Z (Fig. 1). The fall in plasma bicarbonate concentration was signif-
icant by the first period following acid loading. Accordingly,
urinary pH significantly decreased by the same extent in controls
and patients and net acid excretion equally increased in both
20 L....__J _____ _____ L,J groups (Fig. 1), indicating that stone formers exhibited a normal—
ability to excrete the acute acid load. By contrast, there was noBaseline 0—2 hr 2—4 hr 4—6 hr change in any of the considered variables in time-controls (Fig. 1).
b,e b,e
I
I
c
a,c
a,b
a,d c,d
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1' I I I I I II I
Baseline 0—2 hr 2—4 hr 4—6 hr
Fig. 2. Changes in filtered load of calcium (A) and urinary calcium excretion
(B) in control subjects (0) and hypercalciuric stone formers (A) after an
acute oral acid load, and in time-control subjects (). No significant change
in filtered load of calcium within any group or between the three groups
was apparent. However, the acid load induced, in the first two groups, a
significant increase in urinary calcium excretion. By eontrast, urinary
calcium excretion remained unchanged in time-control subjects. In addi-
tion, urinary calcium excretion was higher in hypercalciuric stone farmers
than in controls and in time-control subjects on baseline, and remained so
throughout the study (except for the first period following the acid load).
Symbols are as follows: a, P < 0.01 versus baseline period, same group; h,
P < 0.001 versus baseline period, same group; c, P < 0.05 versus
lime-control group, same period; d, P < 0.01 versus time-control group,
same period; e, P < 0.001 versus time-control group, same period; f, P <
0.025 versus control group, same period.
The filtered load of calcium decreased, although not signifi-
cantly, in patients and controls following the acid load (Fig. 2), in
part because of a slight fall in gin merular filtration rate and in part
as the consequence of a small decrease in plasma ultrafilterable
calcium concentration which only reached statistical significance
by the last collection period in the stone formers group (Table 3).
However, at no time could a difference in glomerular filtration
rate, plasma ultrafilterable calcium concentration, or filtered load
of calcium be demonstrated between the two groups. Urinary
calcium excretion increased significantly in the patient and control
groups by the first collection period following the oral acid load
and remained elevated over baseline values until the end of the
study except for the last period in control group (Fig. 2). In
addition, despite similar filtered loads of calcium, urinary calcium
excretion was, at any time, significantly higher in patients than in
controls. The total amount of calcium excreted during the whole
six-hour period after the acid load was 1832 94 jxmol in patients
versus 1319 183 jxmol in controls (P < 0.02). However, the
excess of calcium excreted over baseline values during the six-hour
period following acid loading was similar in the two groups (659
106 jxmol in patients vs. 511 89 j.tmol in controls, NS). In
time-controls the filtered load of calcium did not change through-
out the study (Fig. 2), nor did plasma ultrafilterable calcium
concentration or glomerular filtration rate; meanwhile, urinary
calcium excretion remained constant during the entire study (Fig.
2). In fact, the amount of calcium excreted during the last three
periods was 857 58 tmol (P < 0.05 vs. controls and P < 0.001
vs. patients) and the excess of calcium excreted over the baseline
value during the six hours following the sham acid loading was
30 61 .tmol (P < 0.01 vs. controls and P < 0.001 vs. patients),
demonstrating that the increase in urinary calcium excretion
observed in patients and controls was specifically related to the
acid load. This acid load-induced acute increase in urinary
calcium excretion had to be considered as the consequence of a
decrease in the tubular reclamation of filtered calcium rather than
an increase in the filtered load of calcium secondary to an
increased plasma concentration via an enhanced bone resorption.
However, given the increase in urinary calcium excretion after the
acid load in patients and controls, were there not a secondary
increase in bone calcium resorption, the filtered load of calcium
would have fallen. That the filtered load of calcium did not fall
after the acid treatment suggested a compensatory increase in
bone resorptive activity. In addition, a significant increase in
plasma phosphate concentration as compared with baseline oc-
curred in patients and controls by the second period after acid
load (Table 4), simultaneously to an increase in urinary phosphate
excretion, as already reported [181. Because the renal threshold
for phosphate remained constant during the entire study (see
below), these data indicated that the cause of the rise in plasma
phosphate concentration was an enhancement of phosphate input
in extracellular fluid rather than a change in renal phosphate
handling. The source for this additional phosphate might be, as
suggested above for extracellular calcium, a secondary increase in
bone resorptive activity.
Considering the patient population as a whole, there was no
apparent difference in the magnitude of the excess of excreted
calcium in response to the acute acid load, and the higher total
calcium excretion noticed in patients appeared to reflect more the
pre-existcnt abnormality in calcium reabsorption than a hypersen-
sitivity of patients to the acid load.
Nevertheless, patients were heterogeneous with respect to
fasting urinary calcium excretion. In a subpopulation of patients
with normal fasting calcium excretion (2.12 0.17 jxmol/min, N =
16), the mean increase in calcium excretion over the whole
A
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Table 3. Evolution of GFR, serum total, ultrafilterable, and ionized calcium concentrations after oral acid load
Period
GFR
mI/mm
Serum total Ca Serum UF Ca Serum i Ca
mM
Stone farmers (N = 34) Before acid load
After acid load
0—2 hr
2—4 hr
4—6 hr
91 3
85 389 387 3
2.28 0.02
2.28 0.01
2.25 0.01
2.24 o.oi
1.42 0.01
1.42 0.01
1.41 0.01
1.40 0.01'
1.22 0.01
1.22 0.01
1.21 0.01
1.21 0.01
Controls (N = 9) Before acid load
After acid load
0—2 hr
2—4 hr
4—6 hr
92 5
87 588 585 5
2.26 0.02
2.26 0.02
2.23 0.03
2.23 0.02
1.39 0.01
1.42 0.01
1.38 0.02
1.36 0.02
1.20 0.01
1.22 0.02
1.22 0.02
1.21 0.02
Time-controls (N = 4) Before sham load
After sham load
0—2 hr
2—4 hr
4—6 hr
97 3
89 590 293 2
2.26 0.04
2.24 0.05
2.22 0.05
2.22 0.05
1.38 0.02
1.37 0.02
1.37 0.02
1.37 0.02
1.22 0.02
1.22 0.02
1.21 0.02
1.21 0.02
P < 0.05 vs. before acid load
P < 0.001 vs. before acid load
six-hour period following the acute acid load was 2.58 0.37
xmol/min versus 1.42 0.25 jxmol/min in controls (P < 0.02).
Conversely, in patients with high baseline calcium excretion
(4.23 0.25 /.Lmol/min, N = 18), the mean increase in calcium
excretion was 1.42 0.45 jxmol/min (P < 0.05 as compared with
patients with normal fasting calcium excretion, and NS as com-
pared with controls). Furthermore, there was an inverse relation-
ship between the mean increase in urinary calcium excretion and
fasting urinary calcium (Fig. 3), showing that the lower the
baseline calcium excretion, the higher the calciuric reponse to
acute acid loading.
Changes in the determinants of tubular calcium handling after the
acute acid load
Changes in sodium excretion, plasma PTH concentration and
nephrogcnous cyclic AMP excretion are presented in Table 5. For
any time period there was no difference in sodium excretion
between patients and controls. Within both groups, no significant
change in urinary sodium excretion occurred after the acid load as
compared with baseline values. Similarly, plasma PTI-1 concentra-
tion and nephrogerious cyclic AMP production were always
identical between these two groups. However, in both groups, the
plasma PTH concentration decreased during the first two-hour
period following the acid load. Afterwards, plasma PTH concen-
tration returned to baseline values in both groups. By contrast, no
significant change in nephrogenous cyclic AMP excretion, used as
an index of PTH bioactivity, was observed during the study.
Therefore, the changes in tubular calcium handling could not be
considered to he secondary to changes in tubular sodium handling
or PTH-rclated tubular effect induced by the acute acid load.
Time-control subjects, whose urinary calcium excretion remained
constant over the study, had urinary sodium excretion, plasma
PTH concentration, and nephrogenous cyclic AMP excretion
rates identical to those measured in controls or patients (Table 5).
In addition, none of these three variables displayed a significant
change during the study (Table 5).
Relationship between urinary acid and calcium excretions
Data are reported in Figure 4. In patient and control groups
there was a significant positive linear relationship between urinary
Table 4. Evolution of plasma phosphate concentration, urinary phosphate excretion, and renal phosphate handling, and fractional excretion of uric
acid after oral acid load
Plasma Pi UnV TmPi/GFR FE uric acid
Period mmol/liter p.mol/min
—______
mmol/liter
_________ —
%
—
Stone formers (N = 34) Before acid load 0.87 0.02" 12.2 0.8 0.78 0.02 11.6 1.1
After acid load
0—2 hr 0.86 0.02' 13.7 0.8" 0.73 0.02" 10.8 1.2
2—4 hr 0.97 0.02" 16.5 1.3" 0.81 0.02' 9.6 0.8
4—6 hr 1.04 0.02"" 19.7 0.9" 0.82 0.02' 8.8 0.7
Controls (N = 9) Before acid load 0.94 0.03 9.2 1.8 0.94 0.05 10.3 1.2
After acid load
0—2 hr 0.93 0.03 12.0 1.2 0.85 0.05 10.0 0.9
2—4 hr 1.06 0.05" 13.8 1.2" 0.96 0.05 9.6 1.1
4—6 hr 1.16 0.04" 19.5 2.01
—
0.98 0.06 9.1 1.1
P < 0.05 vs. same period in control group
—
—
"P < 0.05 vs. before acid load
"P < 0.01 vs. before acid load
"P < 0.00 1 vs. before acid load
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Baseline calcium excretion
pmol/mTh
Fig. 3. Relationship between the mean acid load-induced increase in cal-
cium excretion and baseline calcium excretion in the stone farmers group. It was
apparent that a negative linear relationship existed, suggesting that the acid
load-induced increase in calcium excretion was lower when baseline calcium
excretion was higher. y = —0.66 x +3.98; r = 0.55; P < 0.01.
calcium and net acid excretions, suggesting that the acid load-
induced increase in net acid excretion was an important determi-
nant of renal handling of calcium. Of note, the slopes of the two
relationships were identical, further suggesting that no hypersen-
sitivity to an acute acid load could be demonstrated in the stone
formers group considered as a whole. By contrast, the intercept
was significantly higher in the stone formers group than in the
control group. Moreover, in both groups, urinary calcium excre-
tion was significantly and positively related to ammonium excre-
tion (y = 0.042 x + 3.30, r = 0.33 in patients, and y = 0.053 x +
1.78, r = 0.57 in controls). As observed for net acid excretion, the
two relationships had similar slopes, but different intercepts (P <
0.01).
Tubular localization of the effect of acid load
To examine the different nephron segments where the renal
handling of calcium could be affected by the acid load, we have
studied the concomitant changes in proximal and distal markers of
tubular function. Namely, changes in proximal tubular function
have been assessed by changes in lithium clearance, uric acid
excretion and renal phosphate threshold, whereas magnesium
excretion has been used to assess calcium handling in the thick
ascending limb of Henle's ioop. No significant change in lithium
clearance occurred in either group (stone formers group, 22.8
0.9, 20.8 1.2, 22.0 1.6, and 20.7 1.0 mI/mm for the first,
second, third, and fourth periods, respectively; control group,
25.3 1.4, 27.8 1.0, 27.8 1.6, and 24.0 1.0 mI/mm for the
first, second, third, and fourth periods, respectively). Similarly,
uric acid excretion remained constant in both groups all over the
study (Table 4), Renal phosphate threshold remained constant in
both groups throughout the study (Table 4). As a whole, there was
no evidence for a change in proximal functions after the ingestion
of the acid load. By contrast, the increase in urinary calcium
excretion was associated with a significant rise in magnesium
excretion (Fig. 5 and Table 6) that occurred in the absence of any
increase in plasma magnesium concentration (Table 6), and since
GFR did not change, of any increase in the filtered load of
magnesium. These data suggested that the induced acidosis might
act on the reabsorption of both calcium and magnesium in the
thick ascending limb of Henle's loop. In fact, the thick ascending
limb of Henle's loop is the nephron segment where the renal
handling of these two cations is the most tightly linked. This
hypothesis was strengthened by the fact that, as observed for
calcium excretion, the mean increase in magnesium excretion
after the acid load in patients was negatively related to baseline
magnesium excretion, that is, the higher the baseline magnesium
excretion, the weaker the acid load-induced increase in magne-
sium excretion (not shown).
Finally, a significant decrease in urinary citrate excretion oc-
.j curred in both groups following the acute acid load (Fig. 6).
Discussion
The main result of this study is that, in controls as well as in
calcium stone formers, an acute acid load induces a specific acute
increase in urinary calcium excretion.
This increase in calcium excretion is, in fact, a specific effect of
the acid load since time-control subjects, handled as patients and
controls except that they did not receive the acid load, did not
exhibit any significant change in plasma acid base status, filtered
load of calcium, and net acid and calcium excretions, ruling out
any effect of the slow rate of glucose infusion and light nutrient
ingestion on the increase in calcium excretion observed in the
present study.
Two issues need then to be addressed. First, what is the
mechanism through which the acid load induces, in both groups,
a rise in calcium excretion? Second, do the calcium stone formers
respond to the acid load in the same way as control subjects?
The acute acid load, which induced a moderate decrease in
plasma pH and bicarbonate concentration, is associated with a
rise in calcium excretion in both groups. These data are in keeping
with those previously observed in normal subjects undergoing
chronic acid loading [13—15] or animals receiving an acute acid
load [17]. A previous investigation, conducted in humans, has
failed to find any effect of an acute acid load on urinary calcium
excretion [18]. However, in this latter work, at variance with the
present study, urinary calcium excretion rate measurement was
begun behind the time of the peak decrease in plasma pH (and,
likely, in plasma bicarbonate concentration); in addition, a signif-
icant decrease in plasma ionized calcium was observed together
with a corresponding increase in plasma PTH concentration that
might have stimulated tubular calcium reabsorption and offset the
depressant effect of the acute acidification. Similarly, Sutton,
Wong and Dirks [19] have not observed an effect of a severe acute
metabolic acidosis on renal calcium excretion in intact dogs;
however, tubular calcium reabsorption in the loop of Henle was
decreased in severely acidotic dogs. This effect of acidosis was
therefore counterbalanced by an increase in calcium reabsorption
at a site beyond the loop of Henle, possibly via the increase in
plasma PTH concentration that have been reported to occur
during severe acute metabolic acidosis [31].
In the chronic studies that demonstrate an effect of acid
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Table 5. Evolution of sodium excretion, plasma PTH concentrations, and nephrogenous cyclic AMP production after oral acid load
Period
UNaV
pinol/min
Plasma PTH
pg/mi
N cAMP
nmol/100 ml GF
Stone formers (N = 34) Before acid load
After acid load
0—2 hr
2—4 hr
4—6 hr
225 17
179 13
202 19
204 19
27.8 1.7
21.9 1.2"
25.5 1.3
30.4 1.6
1.97 0.15
2.03 0.16
2.06 0.13
2.22 0.16
Controls (N = 9) Before acid load
After acid load
0—2 hr
2-4 hr
4—6 hr
201 43
188 38
226 53
204 52
25.6 2.4
18.9 1.7
25.9 2.8
27.6 2.3
1.54 0.19
1.69 0.13
1.85 0.15
1.87 0.20
Time-controls (N = 4) Before sham load
After sham load
0—2 hr
2—4 hr
4—6 hr
142 67
159 65
155 60
148 41
32.3 9.6
28.8 10.8
36.8 11.2
36.5 9.5
1.69 0.37
1.69 0.36
1.75 0.18
1.91 0.22
a p < 0.01 vs. before acid load
b P < 0.001 vs. before acid load
0
—20 0 20 40 60 80
Net acid excretion
tmoI/min
Fig. 4. Relationship between urinary calcium excretion and net acid excre-
tion in controls subjects (0) and hypercalciuric stone formers (S). A
significant positive linear relationship was demonstratable in both groups.
The slopes were identical but the intercepts were significantly different
(P < 0.02). Stone formers: y = 0.037 x + 2.95; r = 0.45; P < 0.0001.
Controls: y = 0.039 x + 1.866; r = 0.81; P < 0.0001.
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Fig. 5. Relationship between urinary magnesium and calcium excretions
before and after an acute oral acid load in control subjects (0) and
hypercalciuric stone formers (•). In both groups, a positive linear relation-
ship was apparent, indicating that changes in urinary calcium excretion
were accompanied by proportionnal changes in urinary magnesium excre-
tion. Stone formers: y = 0.49 x + 1.24; r = 0.65; P < 0.001. Controls: y =
0.40 x + 1.28; r = 0.64; P < 0.05.
overall urinary calcium loss during the six-hour experimental
period is about 1.800 mol in patients and 1.300 mol in controls,
that is, about 10% of the extracellular diffusable (ultrafilterable)
calcium. However the mean decrease in serum ultrafilterable
calcium is 0.008 mM (0.6% of the serum ultrafilterable calcium
concentration) in patients and 0.007 mai (0.5%) in controls. Since
there is no evidence for an appreciable change in extracellular
fluid volume during the experiments (assessed on urinary sodium
excretion), the calcium loss should have been balanced by a rise in
bone calcium release. The bone could also partly be the source of
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loading, the increase in urinary calcium excretion occurs without
any increase in the filtered load of calcium, indicating that a
decrease in tubular calcium reabsorption is involved. Indeed, an
enhancement of calcium excretion in final urine can be the
consequence of an increase in the filtered load of calcium (that is,
an increase of either serum ultraffiterable calcium concentration
or glomerular filtration rate, or both) and/or a decrease in the
reabsorption of the filtered calcium. Since in the present study
there is no increase in the filtered load of calcium, the second
mechanism (that is, a primary fall in tubular calcium reclamation)
should be considered. The maintenance of a relatively constant
serum calcium concentration in chronic studies is attributed to an
ultimate increase in bone calcium release [13]. Similarly, in the
present study, an increase in bone calcium mobilization is likely,
although this point has not been specifically adressed. Indeed, the
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Period
Plasma Mg
mmol/liter
UMgV
imol/min
Stone formers (N = 34) Before acid load
After acid load
0—2 hr
2—4 hr
4—6 hr
0.91 0.01
0.92 0.01
0.90 0.01
0.88 001a,b
2.06 0.18k'
3.69 024ld
4.08
3.05 019L
Controls (N = 9) Before acid load
After acid load
0—2 hr
2—4 hr
4—6 hr
0.95 0.02
0.95 0.02
0.94 0.02
0.94 0.02
1.55 0.14
3.43 0.40'
3.73 0.45
2.42 0.28c
Time-controls (N = 4) Before sham load
After sham load
0—2 hr
2—4 hr
4—6 hr
0.88 0.03
0.88 0.03
0.91 0.03
0.89 0.02
1.57 0.19
2.20 0.33
1.74 0.14
1.61 0.09
the excess of phosphate released and then excreted during the
experimental periods.
The tubular handling of calcium is known to be closely related
to the renal handling of sodium (mainly in the proximal part of the
tubule) and to the secretion of PTH (in the more distal part of the
nephron). However, no change in sodium excretion occurred in
either group after the acute acid load, as compared with the
control period, suggesting that the rise in calcium excretion is not
related to a change in tubular proximal sodium handling. It is not
possible, however, to exclude that a decrease in proximal sodium
reabsorption occurred, matched by an increase in distal sodium
reclamation. This point cannot be directly addressed in human
studies. However the constancy of lithium clearance throughout
the study is a good, albeit indirect, argument against a change in
proximal sodium handling. Indeed, except in the setting of
extracellular fluid volume contraction, it is commonly admitted
that lithium is handled in the proximal tubule like sodium [321.
Therefore, if sodium reabsorption had actually been decreased
after the acid load, an increase in lithium clearance would have
been expected, which contrasts with the observed stability of
lithium clearance. Thus, it is unlikely that the observed changes in
calcium excretion could be explained by a fall in proximal sodium
reabsorption. The second major factor regulating the tubular
calcium handling is parathyroid hormone. However, an acute acid
load-induced rise in calcium excretion has been observed in
patients with hypoparathyroidi.sm [15] and in parathyroidecto-
mized rats [331. These data are in accordance with ours, where, as
a whole, no variation in plasma PTH concentration nor nephrog-
enous cyclic AMP production is demonstrable after moderate acid
loading, ruling out a significant role for PTH in the decrement of
calcium reabsorption. Nevertheless, a significant transient fall in
plasma PTH concentration occurs in the first two-hour period
following the acid load, despite the lack of change in serum
ionized calcium concentration. The reason for this is not clear.
However, at the time the tubular calcium reabsorption is the most
intensively depressed, plasma PTH concentration has already
returned towards baseline values, suggesting that the observed
acute changes in plasma PTH concentration are of little impor-
tance with respect to tubular calcium reabsorption.
The main determinant of enhanced calcium excretion seems to
be the increased acid excretion itself, since in both groups there is
a significant and positive relationship between net acid and
calcium excretions (Fig. 4). Furthermore, calcium excretion is
significantly related to the increase in ammonium excretion that
occurs after the acid load, which is not surprising because in the
setting of an enhanced acid load, the increase in net acid excretion
is mainly due to the rise in ammonium excretion. The way by
which enhanced acid excretion could induce a decrease in calcium
reabsorption is not clear, however. A direct effect of acidosis itself
must be considered because it has previously been shown that
intracellular acidosis decreases cellular calcium influx, in isolated
kidney cells [34]. Indeed, in the present study, the acid load was
able to induce a prompt and striking decrease in citrate excretion,
which very likely reflects a fall in intracellular pH of renal tubular
cells [351. That such a change in intracellular pH is the cause of
the decrease in calcium reabsorption is possible but cannot be
confirmed by our data. The role of a decreased luminal pH or
lumjnal bicarbonate concentration in the distal tubule has been
investigated [36, 37]. This should be considered in our study
because urinaly pH and luminal bicarbonate concentration de-
crease as calcium excretion increases. However, no significant link
between urinary pH or urinary bicarbonate concentration, and
calcium excretion is apparent from our data (not shown). Finally,
a role for phosphate excretion must be considered, Indeed,
phosphate excretion increases in both groups after the acid load
and may complex calcium beyond the proximal tubule and limit its
reabsorption. However, in multiple regression analysis, calcium
excretion appears to depend on ammonium excretion but not on
Table 6. Evolution of plasma magnesium concentration, and
magnesium excretion after oral acid load Acid load
a
0.70
0.60
0.50
0
>< 0.40
E 0.30
>
C
0.20
0.10
0.00
b
a
a P < 0.05 vs. same period in control group
"P < 0.001 vs. before acid load
P < 0.05 vs. same period in time-control group i id P < 0.01 vs. same period in time-control group
"P < 0.001 vs. same period in time-control group Control
i
0—2
i
hr
L
2—4
I
hr
I I
4—6
b
b
b
Fig. 6. Changes in citrate excretion induced by an oral acute acid load in
control subjects (0) and hypercalciuric stone for,ners (•). The acid load was
followed by a significant decrease in urinary citrate excretions. No
difference between the two groups could be demonstrated. Symbols are: a,
P < 0.01; b, P < 0.001 versus baseline value.
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phosphate excretion, which rules out an important role for the
increase in phosphate excretion. Lastly, the tubule segment
involved in the calciuric response to acid loading could be
suspected on the basis of the present data. Indeed, the decrease in
tubular calcium reabsorption is accompanied by a decrease is
tubular magnesium reabsorption, suggesting a global involvement
of the divalent cation handling in the thick ascending limb of
Henle's loop. This is in keeping with the study by Sutton et al
where acute metabolic acidosis in dogs increases the calcium load
delivered to the distal tubule whereas it does not affect the load
rejected from superficial proximal tubule [19].
The second point which needs to be adressed is the comparison
of the calciuric response to the acid load in controls and stone
formers. Indeed, available data from the literature are in favor of
an exaggerated response itt stone formers. A clear linear relation-
ship has been demonstrated between dietary protein intake and
urinary calcium excretion in normal subjects as well as in patients
with recurrent nephrolithiasis. In addition, the slope of the
relationship was steeper in patients than in controls, suggesting
that patients with recurrent nephrolithiasis are more sensitive to
the calciuric action of protein [16]. Since the latter effect is
assumed to be mediated by the attendant endogenous acid
production, a hypersensitivity to acid loading in patients with
recurrent calcium nephrolithiasis is expected. In fact, a positive
linear relationship between daily net acid and calcium excretions
was demonstrated in calcium stone formers but not in healtly
subjects eating their customary diet [381. At first glance in the
present study, calcium stone formers seem to have an exacerbated
decrease in tubular calcium reabsorption because at any time after
the acid load, calcium excretion is higher in stone formers than in
controls, as is the cumulative calcium excretion. However, calcium
excretion is, on baseline, higher in calcium stone formers than in
controls despite a very similar filtered load of calcium, indicating
that stone formers already express a lesser degree of tubular
calcium reabsorption. It appears that this pre-existing defect in
calcium reabsorption is maintained after acid loading, thereby
explaining the difference in calcium excretion between calcium
stone formers and controls. Nevertheless, the problem is far from
simple when the intensity of calciuric response is examined
according to the baseline calcium excretion. Hypercalciuric pa-
tients with normal fasting calcium excretion (who should be
classified as "absorptive hypercalciuric") indeed have a signifi-
cantly higher increase in calcium excretion than controls, indicat-
ing an overresponse to acid loading. By contrast, patients with an
abnormally high fasting calcium excretion (who should be classi-
fied as "renal hypercalciuric") do not exhibit an excessive response
to the acid load. Moreover, patients with the highest fasting
calcium excretion do not exhibit any increase in calcium excretion
after acute acid loading (Fig. 3). Taken together, these data
suggest that the target nephron segment to acid loading is the
same that is affected in idiopathic hypercalciuria. In fact, it
appears that when tubular calcium reabsorption is already se-
verely impaired, acid loading is not able to decrease it any further.
Noteworthy is the fact it has previously been reported that
patients with fasting hypercalciuria had an exagerated calciuric
response to chiorothiazide, a distal convoluted tubule-acting
diuretic, suggesting that these patients have a defect in tubular
calcium transport upstream to the distal convoluted tubule [7, 39].
In summary, the present study demonstrates, in normal humans
as well as in hypercalciuric calcium stone formers, that an acute
acid load induces a rapid decrease in tubular calcium and
magnesium reabsorption, presumably by affecting their handling
in the ascending limb of the loop of Henle. Second, a hypersen-
sitivity of hypercalciuric calcium stone formers to an acid load
and, likely, to an excessive supply in animal proteins, is challenged
by the results of this study. Rather, the magnitude of the acid
load-induced calciuric response seems to depend on the basal
status of the patients since the increase in calcium excretion is
attenuated, and even blunted, in patients with fasting hypercalci-
uria. This latter point strongly suggests that the target tubular site
for the acid load (the thick ascending limb of the loop of Henle)
is the same that is affected in idiopathic hypercalciuria.
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